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Abstract 
A simple digital neutron radiography device consisting of an off-the-shelf Canon camera and a scintillation screen in 
a single-mirror refection configuration was tested at The Ohio State University Research Reactor.  The device is 
capable of 5.8 (lp/mm) spatial resolution at 10% modulation transfer function (MTF), corresponding to 86 μm. 
Although this resolution is not on a par with a cooled CCD based system, it does provide a low-cost alternative with 
an adequate resolution and simplicity for applications where such ability is needed but resources are limited. The 
performance of the neutron imaging apparatus was quantified with the MTF, noise power spectrum (NPS), and 
detective quantum efficiency (DQE).  While the perceptual contrast increases with neutron fluence, the MTF remains 
roughly constant and the total DQE levels off when a threshold fluence is reached. 
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1. Introduction 
Extensively researched in the last century [1-3], the field of neutron radiography (NR) continues to 
progress today with respect to position sensitive neutron detectors, reactor-based neutron beam facilities 
[4], portable neutron sources and most importantly, the applications of non-destructive technology[5]. NR 
is complementary to X-ray imaging and its usefulness has been proved recently by revealing water flow 
in an operating proton exchange membrane fuel cell [6, 7], measuring the lithium ion diffusion 
coefficients in Li-containing electrodes [8], imaging fission neutrons in special nuclear materials [9], etc. 
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Applications drive the advancement of imaging technologies and detectors such as phase contrast imaging 
[10], coded mask [11], imaging plate [12] and micro-channel plate detectors [13], to name a few. 
Although visual inspection of image quality from test targets, normally of fine features made on 
neutron opaque materials such as Cd or Gd, has fulfilled image quality assurance, it is important to apply 
analysis techniques such as modulation transfer function (MTF), noise power spectrum (NPS) and 
detective quantum efficiency (DQE) to compare image system performance among competing imaging 
technologies [14]. While the spatial resolution of a NR system has been routinely quantified by MTF 
[15], it is unclear whether MTF is appropriate to describe the detectability of small details [16]. The 
discussion of DQE that is common in performance evaluation of an X–ray image is rarely examined in a 
NR system. 
In this study, a low-cost neutron imaging apparatus, originally based on a webcam for locating the 
focal spot of a neutron lens [17], was modified for locating and visualizing the neutron beam profile of a 
newly built beam facility at The Ohio State University Research Reactor (OSURR), which has a 
maximum operating thermal power of 450 kW. The NR device takes the form of the most popular CCD-
based single-mirror reflection configuration [18] and is composed of a small-size (10 cm × 10 cm)  
6LiF/ZnS scintillation screen, an off-the-shelf Canon™ digital camera, and a front surface mirror. This 
paper presents a detailed description of this apparatus and the evaluation of its performance using MTF, 
NPS and DQE. 
2. Experimental Setup 
2.1. Neutron Source and Facility Characteristics 
The NR apparatus was placed close to the exit port of the beam shutter assembly seen in Fig 1. The 
scintillation screen was approximately 282 cm from the OSURR core. The collimator in Beam Port #2 
faces the reactor core at a 30° angle and delivers to the sample location a thermal neutron beam of ~6 cm 
diameter. The beam is filtered by poly-crystalline bismuth (10.16 cm diameter, 12.7 cm thickness) and 
single-crystal sapphire (10.16 cm diameter, 12.7 cm thickness).  The central uniform part of the beam 
(i.e., the beam umbra analogue of X-ray imaging) has about the same diameter as the 3.0 cm diameter 
apertures that define the beam.  The beam divergence is ~2.8° and the L/D ratio is ~50.  The thermal 
equivalent neutron flux was measured to be (8.55 ± 0.19) × 106 cm-2s-1 at 450 kW reactor power with a 
cadmium ratio of 266 ± 13 [19].   
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Fig. 1. A schematic showing the neutron imaging apparatus in relation to the OSURR reactor core and  the vacuum-
sealed neutron collimator.  Shown are the collimator components including poly-crystalline bismuth (10.16 cm 
thickness, 12.7 cm diameter), single-crystal sapphire (12.7 cm thickness, 10.16 cm diameter) and a series of 3.0 cm 
apertures defined by  borated polyethylene, high density polyethylene, borated aluminum and Pb disks.   
 
2.2. Description of neutron imaging system 
Fig. 2 shows the top-down view of the NR apparatus.  It is an aluminum light-tight box containing a 
front-surface mirror, a neutron converter screen and a digital camera [19, 20].  The unique feature of the 
apparatus that accounts for its low cost is the use of an off-the-shelf digital camera (Canon™ SD1100 
IS/IXUS 80/IXY Digital 20 IS)† modified with open-source CHDK firmware to allow adjustment of 
parameter settings, including exposure time, subject distance (SD) and the image sensor’s sensitivity to 
light (ISO). The firmware is loaded on flash memory card and overrides the default firmware.  The mirror 
is set at a 45° angle to the incident neutron beam so that the camera can be positioned out of the beam 
path. The neutron converter screen is an Applied Scintillation Technologies™ (AST) NDg screen 
provided by the neutron imaging group at the National Institute of Standards and Technology (NIST).  
The screen is 6LiF/ZnS doped with a blend of Cu, Al and Ag with homogeneity of ±5.0% and has a 
minimum resolution 80 μm [21].  The thermal neutron transmission through the 300 μm thick screen was 
measured at ~87% with a neutron radiograph of a small piece of screen itself as an imaging object. The 
main characteristics of the imaging device are listed in Table 1. 
 
 
 
 
 
†
 The model SD1100 IS, IXUS 80 IS and IXY Digital 20 IS are the designations in the Unites States, Europe and Japan, 
respectively.  Since the availability and price of this out-dated camera may vary widely, it should be mentioned that the 
particular model used in this work was arbitrarily selected from a long list of potentially suitable cameras at the Canon 
Hack Development Kit website (chdk.wikia.com). 
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Fig. 2. Top-down view inside the light-tight box of the neutron imaging apparatus. 
 
 
Table 1: Main characteristics of the neutron imaging system 
 
Camera 
 
Canon SD1100 IS (IXUS 80)  
 
Image sensor 
 
1/2.5 inch type CCD 
4.290 mm (V) × 5.760 mm (H) 
Number of effective 
pixels 
 
2448 (V) × 3264 (H) 
(~8.0 Megapixels) 
Available exposure times 
 
1/1500 s, …, 1 s, …, 8 s, 10 s, 12.7 s, 16 s, 20 s, 
25.4 s, 32 s, 40.3 s, 50.8 s, 64 s, 80 s, 101 s, 128 
s, …, 2048 s  
Converter screen 
 
6LiF / ZnS doped with Cu, Al and Ag blend 
540 nm (green) light 
0.3 mm thickness 
Minimum resolution of 80 μm 
Mirror Front-surface soda-lime glass 
2.3. Radiation effects on the CCD 
The interaction of ionizing radiation with the camera’s Si-based digital image sensor displays “white 
spots” or dynamic “salt-and-pepper” noise. Positioned normal to the beam path, the camera is in close 
proximity to the beam and consequently experiences radiation events.  In other words, the CCD is 
exposed to the mirror that is emitting hundreds of prompt gamma rays, delayed gamma rays and scattered 
neutrons. Due to this concern, in a previous design [17], a mirror was fabricated by coating a thin film of 
aluminum on the surface of the non-scintillating 6Li-doped glass, aiming to minimize secondary gamma 
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rays and neutron radiation adversely affecting the camera.  Contrary to expectations, a negligible 
difference was observed when comparing neutron images produced using the 6Li-doped mirrors and those 
produced by the ordinary off-the-shelf mirror. To quantify the radiation effects on the performance of the 
camera, histograms of digital pixel values (see Fig 3) were developed from radiographic images using the 
ordinary mirror in the beam and then with the mirror removed from the light-tight box. A control 
histogram was also taken with a radiography device placed in an environment absent of radiation. A 
comparison between the histograms of a near-beam environment (Fig 3(b) and (c)) and the control (Fig 3 
(a)) demonstrates that 1.) the pixel values was elevated due to radiation and 2.) the increase of the pixel 
values was moderate, which was also confirmed by the negligible “white spots” noise in the unprocessed 
NR image (Fig 4(a)).   Results also indicates that the type of mirror used (6Li-doped or ordinary) is not the 
major source of radiation-induced noise using the constructed neutron beam facility in this work.   
Therefore, no further efforts were made to specialize the mirror and no shielding was applied to reduce 
the radiation effects on CCD camera. In the following analysis, the ordinary mirror is used rather than the 
6Li doped mirror to focus on the low-cost feature of the device.  
 
 
Fig. 3.  (a) Histograms of digital pixel values for images taken: in an environment absent of light and radiation, i.e. as 
control; (b) in the normal configuration but without the mirror; (c) and with the ordinary mirror in the single-
reflection setup (bottom).  
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2.4. Neutron imaging experiment 
Before performing the neutron imaging experiment, the camera focus was optimized by systematically 
taking pictures of a black and white checkerboard printed on a glossy photograph paper at increasing SD 
settings in increments of 10 mm.  The checkerboard picture with the SD set to 150 mm exhibited wide-
angle distortion, evident by the diverging checkerboard corners while the image with the SD set to 190 
mm was sharper and without the distortion.  A value of 190 mm for the SD setting was selected based on 
visual inspection.  Manually setting the focal length using the SD parameter rather than relying on the 
camera’s auto-focusing in a dark environment tremendously improved the spatial resolution over prior 
experiments without pre-focusing.   
The neutron imaging experiment was conducted to quantitatively and qualitatively evaluate the 
system’s performance. To calculate the MTF, neutron images of edge profiles were obtained by vertically 
aligning a Gd foil (2.5 cm × 2.5 cm × 0.0127 cm) on the exterior surface of the light-tight box such that 
one edge was approximately in the center of the beam as shown unprocessed in Fig 4(a) and with 
logarithmic DPV scale in Fig 4(b). Neutron radiographs of this opaque object were taken with the reactor 
power at 250 kW, i.e., the thermal equivalent neutron flux at (4.75±0.11)×106 cm-2 s-1, with exposure 
times of 8 s, 16 s, 32 s, 64 s, 80 s and 101 s.  The ISO parameter was set to 200 for the experiment so that 
the sensitivity would not result in a saturated picture for the longest exposure time at the reactor power 
used.   
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Fig. 4. (a) The unprocessed image of the Gd foil neutron image; (b) the latter processed with a logarithmic DPV 
scale; (c) The edge profiles of the Gd foil  for exposure times of 8 s, 16 s, 32 s, 64 s, 80 s, 101 s 
3. Results and discussion 
3.1. MTF and Contrast 
Neutron images of the sharp edge of the gadolinium foil were used to calculate the MTF as a function 
of exposure time. Fig 4(c) shows the cropped edge profiles for each exposure time (8 s, 16 s, 32 s, 64 s, 
80 s and 101 s). After converting to grayscale, one hundred pixel rows were averaged to a single row, 
creating the edge spread function (ESF), as shown in Fig 5(a) as a function of exposure time. The 
increased step height of ESFs corresponds to the perceptually better contrast as seen in Fig 4(c).  The 
equation quantifying contrast, C, is presented in (1) [22], where Imax and Imin are the average digital pixel 
values of the light and dark areas, respectively.  
                            
minmax
minmax
II
IIC
+
−
=  (1) 
Discrete fast Fourier transform (FFT) was applied to the line spread function (LSF), the derivative of 
the ESF, to calculate the MTF shown in Fig 5(b). A cubic spline fit of the edge spread function and a 
smoothing window were applied to the LSF to eliminate the noise while preserving the shape of the 
frequency change represented in the LSF.   
 
The spatial frequency corresponding to 10% of MTF value (MTF10) is recommended for determining 
the effective spatial resolution limit of the device calculated using  (2). 
 
ܴ௟ ൌ  ଵሾ௟௣ሿଶெ்ிଵ଴ሾ ೗೛೘೘ሿ
  (2) 
 
The MTF curves and the tabulated MTF10 values (see Table 2) show that the exposure time (i.e., neutron 
fluence) plays but a small role in spatial resolution limit, Rl, when the point is reached where the 
statistical noise in the neutron counting system is diminished.  The MTF10 is highest for the 101 s 
exposure at 5.8 (lp/mm).  The corresponding spatial resolution limit, Rl, calculated using (2) is 86 μm.  
The effective pixel size was calculated to be 47 μm by taking the physical width of the Gd foil (2.5 cm) 
divided by the number of pixels (532) needed to represent this width in its image.  One advantage of this 
digital camera over the high-end cooled CCD cameras is the small size of the image sensor pixels (1.75 
μm pixel size).  Due to the large number of image sensor pixels (8 million) in the camera, the effective 
pixel size is 47 μm, which is not the limiting component for the resolution of this NR system. 
 
Real world objects produce a significantly higher contribution to the image noise from scattered 
neutrons, leading to degradation in the resolution. A checkerboard image produced by MATLAB was 
printed on a glossy photography paper and was used as a test target for the camera in the ambient room 
light condition. The obtained checkerboard edge profile represents the highest possible resolution and the 
maximum contrast with minimum noise. Thus, it was considered as the maximum spatial resolution 
offered by the imaging device with the given camera settings and imaging box geometry, while excluding 
the degradation resulting from neutron beam and scintillation screen.  The 10% MTF value was found to 
be 9.3 (lp/mm), corresponding to a resolution of 54 μm.   
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To complement the contrast analysis of the imaging system, the NPS and DQE were used to account 
for the effects of noise. A procedure described in [23] was used to obtain the NPS curves, shown in Fig 
5(c), of the imaging system using background images with varying exposure times. NPS can be defined 
as the variance of image intensity in the spatial frequency domain. The mathematical representation of 
NPS and a detailed analysis of this definition are provided in [23]. 
 
It is assumed that the incident neutrons are spatially independent and thus an ideal imaging system 
would produce a NPS curve constant across the spatial frequency spectrum, suggesting no spatial 
correlation or dependency. The graph in Fig 5(c) deviates from this theoretical result due to the internal 
mechanisms of the imaging device that introduce the spatial correlation (thus degrade resolution) such as 
the object induced neutron scattering, light spreading in scintillator, photon scattering along the optical 
path length, etc.  The numerical integral of the NPS curves, shown in Table 2, show the trend of 
decreasing or levelling of the NPS curves with increasing fluence.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Edge spread functions at different exposure times; (b) MTF of images produced by varying exposure time 
and control images; (c) Noise Power Spectrum of background noise produced by varying exposure time; (d) Detector 
Quantum Efficiency of images produced with varying exposure times 
 
DQE can be viewed as the efficiency ratio between the output squared pixel value weighted by the 
square of MTF to the input incident neutrons weighed by the NPS across the spatial frequency spectrum. 
The mathematical formula of DQE is presented in (3), in which P is pixel value and N is the number of 
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incident neutrons. 
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The power of the DQE comes from its ability to account for the effects of contrast and noise present in 
the system. The resulting DQE curves for images produced using various exposure times are shown in Fig 
5(d). The DQE for all images decreases as the spatial frequency increases. As with the NPS curves, the 
numerical integral of the DQE, presented in Table 2, was calculated to compare DQE for different 
exposure times and shows an increasing value with increased fluence.    
 
In summary, MTF is a faithful physical representation of a system’s spatial resolution ability 
unaffected by increased neutron fluence, whereas the NPS tends to be flattened due to higher fluence (less 
noise). DQE, combining both NPS and MTF, is mainly dictated by MTF at high fluence (less noise), 
indicating that the system’s detectability of small details is still dominated by MTF when enough fluence 
or exposure time is provided.  
 
3.2. Radiography of real world objects 
The neutron images of the sensitivity indicator (SI) and the beam purity indicator (BPI) that are 
fabricated per ASTM standards [24] are shown in Fig 7 to demonstrate the radiography of real world 
objects. The BPI is a polytetrafluoroethylene (PTFE) block containing two boron nitride disks, two Pb 
disks and two cadmium wires.  Visual analysis of its radiograph provides subjective information related 
to image unsharpness.  Densitometric measurements of a film neutron radiograph of the BPI allow for 
quantitative determination of the effective value for the thermal neutron content, gamma content, pair 
production content and scattered neutron content.  The SI is a step wedge containing gaps and holes of 
known dimensions used for qualitative determination of the sensitivity of detail visible on the neutron 
image.  In the SI neutron image, the smallest gap (Al spacer) of 12.7 μm is unable to be resolved by the 
human eye while the second gap of 25.4 μm, pointed out in Fig 6(b), can be easily seen by the human 
eye.  The clearly visible details reinforce the premise that a sufficient quality NR is possible with a low-
cost system and low power research reactor as demonstrated in this work.  
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Fig 6. Examples of neutron images at 250 kW reactor power: (a) the Sensitivity Indicator (ASTM) and (b) its neutron 
image (101 s exposure); (c) the Beam Purity Indicator and (d) its neutron image (64 s exposure). 
 
4. Summary 
As summarized in Table 2, the contrast is near constant, although the sharpness of the edge 
perceptively increases with the exposure time/neutron fluence. The MTF faithfully represents the 
resolution of the system, regardless of the neutron fluence. The magnitude of NPS decreases and 
approaches a flat shape with prolonged exposure time, and the DQE takes the shape of MTF, also less 
affected by further increase once a certain limit has been reached.  
 
Table 2. Summary of exposure time/neutron fluence with its effects on MTF, contrast and DQE 
 
 
 
5. Conclusions 
Despite the use of an unshielded off-the-shelf Canon™ digital camera with a total cost of imaging 
Exposure time (s) Neutron 
fluence         
(× 106 n/cm2)
Contrast 10% MTF 
(lp/mm) 
Total DQE 
(%) 
Total NPS 
(× 10-5) 
    8 
  38 ±   0.76 0.75 ± 0.08 3.0 0.080 29.0 
  16 
  76 ± 1.5 0.76 ± 0.08 4.6 0.17 22.0 
  32 152 ± 3.0 0.75 ± 0.08 5.3 0.10 5.2 
  64 304 ± 6.1 0.74 ± 0.07 5.5 0.53 3.4 
  80 380 ± 7.6 0.72 ± 0.07 5.3 0.64 1.5 
101 480 ± 9.6 0.71 ± 0.07 5.8 0.77 1.4 
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device less than $1000, the NI apparatus delivers adequate high spatial resolution for many applications. 
The 10% MTF is 5.8 (lp/mm), corresponding to 86 μm, although not on a par in resolution with those 
based on expensive cooled CCD cameras, it provides sufficient resolution and availability for neutron 
radiography applications where such ability is needed but resources are limited. The MTF, DQE and NPS 
analysis of the Gd edge profiles at various exposure times illustrate the noise, contrast, and resolution 
obtained. While the perceptual contrast increases with neutron fluence, the MTF is a faithful physical 
representation of a system’s spatial resolution ability that is not changed by increased neutron fluence. 
Rather, the neutron fluence plays a primary role in the statistical noise in neutron counting system, and 
DQE is mainly dictated by MTF at high fluence (less noise), indicating its value as a figure-of-merit for 
detectability of small details. The system spatial resolution is found close to the minimum resolution of 
the scintillation screen (~80 μm), suggesting the further improvement of this device will be a screen with 
a higher spatial resolution. 
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